Abstract. The Glasgow photon tagging spectrometer at Mainz has been upgraded so that it can be used with the 1500 MeV electron beam now available from the Mainz microtron MAMI-C. The changes made and the resulting properties of the spectrometer are discussed.
INTRODUCTION
The Glasgow photon tagging spectrometer [1, 2] installed at the MAMI-B 883 MeV electron microtron [3, 4, 5] was ∼2 MeV due to the widths of the detectors. Improved resolution over part of the energy range was provided by a 96-element focal plane microscope [6] . Using an aligned diamond radiator tagged photons with linear polarisation greater than 45% have been produced [7, 8, 9, 10, 11] over an adjustable part of the energy range up to ∼400 MeV.
Circularly polarised tagged photons were also generated using polarised electrons from MAMI-B [12] . Several powerful detector systems such as Daphne [13] , CATS [14] , PIP/TOF [15] , TAPS [16] and most recently the Crystal Ball [17] have been used in conjunction with MAMI-B and the Glasgow tagger to make measurements on meson photoproduction and to study photonuclear reactions. Examples include studies of the Gerasimov-Drell-Hearn sum rule [18] , the E2/M1 ratio in the N → ∆ transition [19] and two nucleon knockout with linearly polarised photons [20] .
The recent upgrade of the MAMI accelerator to 1500
MeV, in principle, gives access to interesting tagged photon experiments at higher energy. The photon linear polarisation can also be improved to >60% up to ∼800 MeV by using the tighter collimation allowed by the smaller opening angles in the Bremsstrahlung process at higher energy. Examples of such experiments are the detailed study of the second resonance region with complete measurements on pseudoscalar meson production, rare η decay modes to look for physics beyond the standard model and strangeness production near threshold to test chiral perturbation theory. But, as the maximum attainable magnetic field in the original spectrometer was not sufficient to handle an electron energy of 1500 MeV, major modifications were necessary. This paper describes these modifications and the resulting properties of the upgraded spectrometer.
AIMS OF THE UPGRADE
The original spectrometer deflected the 833 MeV electron beam through ∼79 0 into a beam dump recessed into the wall of the experimental hall, and the tagged photons passed into a large well shielded experimental area. It was decided, as far as possible, to preserve the original layout and also the original spectrometer optics which govern the excellent and well understood performance. This in turn avoided the costly redesign of the focal plane detector and its mounting frame. In consequence the magnetic field in the spectrometer had to be increased from 1.0 to ∼1.8 T in order to deflect the 1500 MeV beam into the original beam dump.
The original focal plane scintillators and electronics were, however, replaced since the light output had become reduced, typically by a factor greater than 10, due to radiation damage and the original electronics had become obsolete and incompatible with the CATCH [21] electronics used with the Crystal Ball detector system. As the detector geometry was not changed the effective resolution becomes ∼4 MeV when tagging at 1500 MeV.
UPGRADE OF THE SPECTROMETER MAGNET
The existing power supply and cooling arrangements for the magnet coils allowed for a current up to 440 amps which produced a field of 1. (Fig 1) , calculations using the finite element code TOSCA [22] showed that an Measurements [1] had shown that the maximum pole gap distortion in the original spectrometer was 0.14 mm at a field of 1.0 T, and this could be expected to increase to ∼0.54 mm at 1.96 T. Some estimates of the stresses and distortions involved were made by finite element modelling (FEM) of the original and upgraded spectrometers as solid structures using the IDEAS [23] and ABAQUS [24] programs. The upgraded spectrometer was strengthened by replacing the main load carrying bolts with through-rods (Fig 1) fitted with special nuts which allow a controlled pre-tension to be applied by pneumatic means.
To reduce the pole gap, 12.5 mm thick shim plates ( for samples of the material used to make the new parts and input to TOSCA to estimate the magnetic field.
The vacuum box was modified to provide a larger aperture for the two NMR probes required to cover the extended field range and also to increase the acceptance of the spectrometer to ∼100 milliradians in the horizontal plane. This is useful for Møller polarimetry which can be used to measure the electron beam polarisation.
In the upgraded spectrometer the maximum pole gap distortion at full current was found to be ∼0.42 mm. This is slightly less than predicted from scaling up the distortion measured in the original spectrometer and suggests that the through-rods had a beneficial effect.
The photon collimator was re-aligned on the input beam direction with an accuracy of ∼0.2 mm using the adjustments built into the V-shaped collimator mounting block. The focal plane detector support structure is fixed to the magnet, but it was surveyed to check that it was remounted in the same position as before to an accuracy of about 1 mm.
MAGNETIC FIELD MEASUREMENTS
Calculations of the magnetic field in the upgraded spectrometer made with TOSCA indicated that the field would become more non-uniform as the field is increased. As a result the energy of the tagging electrons, expressed as a fraction of the incident beam energy, reaching a particular position in the focal plane is expected to change slowly as the beam energy increases. The spectrometer resolution should be less affected since the opening angle of the tagging electrons is small. Since both the energy calibration and the energy resolution of the spectrometer can be measured using electron beams of accurately known energy from MAMI, complete field maps of the upgraded spectrometer at several fields were not made. However some field measurements were made using a temperature compensated Hall probe which had been calibrated against an NMR system. The field measured at mid-pole gap along line Bb in Fig. 2 is shown in Fig. 3 . It can be seen that the measured field at 435 amps comfortably exceeds the 
FOCAL PLANE DETECTOR

The detectors
The focal plane (FP) of the tagger dipole magnet is instrumented (see Fig. 2 and Figs The scintillator EJ200 was chosen for the refurbishment because the scintillation spectrum better matches the response of the phototube and it is thought to be less susceptible to radiation damage than the slightly faster NE 111/Pilot U used in the original setup. The 353 new scintillators were glued, using ultra-violet curable epoxy, to new light guides made from acrylic which has good transmission at blue to near ultra-violet wavelengths. They were then wrapped in double-sided, aluminised Mylar to eliminate optical cross talk and mounted in the original detector frame [2] .
Before installation about half of the scintillators were tested using a Sr90 source and the signal amplitude was found to decrease linearly with increasing width. Compared to the old detectors, the new scintillators produced one to two orders of magnitude more light, due mainly to radiation damage accumulated by the former in around 15 years of service.
Photomultiplier amplifier-discriminator electronics
Each scintillator on the FP is fitted with a Hamamatsu R1635 photomultiplier tube (PMT). As the PMTs are affected by stray fields of more than ∼0.01 T, 0.2 mm thick mild steel plates were fitted along the whole length of the detector array on either side of the PMTs. Together with the standard cylindrical µ-metal screens fitted to every PMT, this was found to be sufficient to cope with the increased stray field from the upgraded magnet when operated at maximum field. FASTBUS QDC which is normally read out during HV adjustment to align FP detector gains.
Detector performance
The performance of the FP detectors and electronics is illustrated in Fig. 6 which displays spectra taken with the 
TAGGER ENERGY CALIBRATION
In the analysis of an experiment with the tagger it is necessary to know the energy of the tagging electrons which in experiments which use the focal plane microscope [6] where the channel width is ∼2 mm along the focal plane.
In such experiments a detailed energy calibration can be performed by using one or two different electron beam energies from MAMI and 'scanning' them across the microscope by making small variations in the magnetic field in the spectrometer (see ref [6] ).
Such a scan can also be used to look for the effects of the shifts predicted in Fig. 8 over the small range covered by the microscope detector. This has been done with the microscope covering the range E/E 0 = 0.27 -0.35 (indicated by the horizontal bar in Fig. 8 ). In Fig. 9 the measured microscope calibration points are compared to the calibration calculated assuming a uniform field and using the known microscope geometry. As the microscope position and angle were not known with sufficient precision these were adjusted in the calculation to fit the measured points. The difference between the measured points and the calculation is shown in detail in Fig. 10 
THE PERFORMANCE OF THE UPGRADED SPECTROMETER
The intrinsic resolution of the upgraded spectrometer was tagger channels agree to better than 1%.
As a test of the focal plane detector background, the count rate was measured with no radiator in the beam.
It was found to be about 5×10 −5 times smaller than the rate with a 10 micron thick Cu radiator in the beam.
The maximum useful tagged-photon intensity depends on the maximum rate at which the FP counters can be run. Up to a rate of ∼1 MHz per channel (detector singles rate of ∼2 MHz) no major change of pulse height was observed, so that the detection efficiency for minimum ionising particles did not change significantly.
Tests using a 30 micron thick diamond radiator and a 1 mm diameter collimator have been done to check that the upgraded system can produce linearly polarised photons. The tagger spectrum observed in coincidence with a Pb glass detector placed in the photon beam is shown in Fig. 12 . The diamond angles were set so that the main coherent peak is at a photon energy of 680 MeV. From the height of the coherent peak above the incoherent background the degree of linear polarisation in the peak channels is seen to be ∼65% (after taking account of the fact that the coherent radiation is not 100% polarised by making use of equations 108 in ref [8] ).
SUMMARY
The upgrade of the Glasgow photon tagging spectrome- Lower part: Difference between the calculated and measured calibrations. The line here shows a smooth fit to the seven measured points and indicates the small correction to the calculated calibration required because of large-scale field non-uniformity. 
